This paper focuses on the tensile strength (Q) and porosity of Dystric Cambisol cylinders with and without biochars (0.1% or 5% dose) obtained from wood waste (BC1) and sunflower husks (BC2). The experiments were performed on air-dried and wetted artificial aggregates remolded from unfractionated soil and its selected fractions (1-0.25, 0.25-0.1, 0.1-0.05, and <0.05 mm). The obtained results indicated that the biochar addition reduced the tensile strength of all examined samples, regardless of the type of biomass used in pyrolysis. This effect was more significant with the larger biochar dose of 5%. When cylinders formed from a wetted 1-0.25 mm fraction with 5% BC2, the Q reduction equaled as much as 0.048 MPa. The noted decrease in tensile strength was mainly associated with the formation of macropores in the cylinders (of maximum radii: 4.77 µm BC1 and 5.78 µm BC2). The highest tensile strength was observed in the air-dried samples formed from the largest silica-rich fraction (1-0.25 mm) without biochar (0.078 MPa for the air-dried cylinders and 0.066 MPa for the wetted ones). The higher Q parameter for the air-dried remolded soil aggregates was probably related to the dehydration of soil gels and the thermal transformation of iron and alumina oxides during drying.
Introduction
Aggregation is a significant process in soil-it determines a soil's structure, stability, and airwater properties. Aggregation depends on many factors (i.e., soil type, biota, clay mineralogy, cation, and organic matter content) and includes the flocculation and cementation processes of mineral particles by organic compounds [1] . At the first aggregation stage, organic-mineral associations between minerals and organic macromolecules are formed. Usually, cation bridges are created, connecting negatively charged clay minerals [2] and organic macromolecules (e.g., humic substances) [3] . The microaggregates are held together by microorganisms (e.g., fungal hyphae) or the binding agents (i.e., polysaccharides, mucilages) they synthesize [4, 5] . Some hydrophobic substances produced by bacteria or fungi (e.g., waxes, lipids) contribute to aggregate stabilization by enhancing water repellency. Soil aggregates with high tensile strength favor gas and water diffusion, root penetration and growth, and increased resistance to erosion [6] .
Intensive agriculture and significant environmental pollution contribute to the continuous deterioration of soil conditions. Soil structure is often destroyed, and consequently, the water and air properties of soil become unfavorable for plant growth. In order to limit such negative phenomena, various soil additives are often used [7] . Biochar is one of such substances that can prevent negative changes and improve soil condition due to its specific properties. This organic material is obtained in the pyrolysis process from biomass (e.g., wood, leaves, rhizomes, wastes) and is usually characterized by a high specific surface area and numerous surface functional groups, such as carboxylic, phenolic, and lactonic [8] . Generally, biochar has a good sorption ability relative to heavy metals and nutrients [9] as well as high stability in most environments; for example, it demonstrates a high resistance to degradation and chemical oxidation [10, 11] . Biochar usage in agriculture can bring many benefits: it may increase soil pH value [12] and organic carbon content [13] as well as reduce N2O and CH4 emissions from the soil environment [14] . Biochar is also an important element in cation exchange capacity [15] and may act as a slow-release fertilizer in soils [16] . In some cases, the biochar surface is modified to improve its properties [17] [18] [19] [20] [21] [22] . Today, studies on optimizing the production process of biochar are constantly being carried out [23] .
Many researchers have investigated the impact biochar has on aggregate formation and stability [24] [25] [26] [27] . The published results differ significantly due to the studies' use of complex biochar properties and various soil types. For example, Horel et al. [24] examined the physical properties of silt loam soil after the addition of biochar. They studied natural aggregates and used the following amounts of biochar: 0.5%, 2.5%, and 5.0%. The highest aggregate tensile strength was noted for aggregates with a 5.0% dose of biochar. The examined parameter was two times higher compared to the control. Meanwhile, Ouyang et al. [28] studied silty clay and sandy loam soil aggregation with and without biochar (2%) obtained from dairy manure. They examined natural aggregates and stated that the selected carbon-rich material enhanced aggregate formation. The biochar effect was more profound in the sandy loam soil. Šimanský [29] carried out a field experiment in which Haplic Luvisol was simultaneously enriched with biocarbon obtained from paper fiber sludge and grain husks (1:1) and nitrogen fertilizer. Šimanský's study was carried out on natural aggregates and indicated a clear increase in aggregate tensile strength (by 19%) when 20 t ha −1 of biochar was combined with 80 kg ha −1 of nitrogen fertilizer. Meanwhile, Khademalrasoul et al. [30] examined the biochar impact on aggregates formed from sandy loam soil under no-till maize and claimed that the aggregates with larger biochar doses had higher tensile strength. Aggregate stability was measured using a wet-sieving method. Moreover, Sun and Lu [27] added various biochars to clayey Vertisol and observed that straw and wastewater-sludge biochars contributed to increases in the mean weight diameter (MWD) and geometric mean diameter (GMD) of the examined aggregates. In other words, Sun and Lu's biochars increased the tensile strength of natural aggregates. Notably, the MWD values were the highest with wastewater sludge biochar (a 28% increase).
On the other hand, Ajayi and Horn [31] observed that tensile strengths of artificial aggregates of fine sand and sandy loam soils were significantly lower when the amount of woodchip biochar was doubled. Zhou et al. [32] performed experiments on Chinese sandy loam soil and used maize-cob-derived biochar as a soil additive. The experiment was performed on natural aggregates, and stability was tested using the fast-wetting method. The authors stated that maize-cob biochar did not contribute to the formation of macroaggregates of high tensile strength.
In response to the discrepancies in literature reports about the effect of biochar on soil aggregate tensile strength, this paper focuses on the tensile strength of Dystric Cambisol cylinders with and without biochars obtained from wood waste and sunflower husks. The examined soil cylinders were artificially remolded from the unfractionated soil or its selected fractions (1-0.25 mm, 0.25-0.1 mm, 0.1-0.05 mm, and below 0.05 mm) in the laboratory. Two biochar doses (0.1% and 5%) and different sample moistures (air-dried and wetted samples) were under study. The presented results are innovative and of great importance. The model tests, carried out under strictly defined conditions, allow for an accurate explanation of the interaction between the biochar and the soil. These studies also serve as important complements to the field experiments. The authors conducted measurements on Dystric Cambisol, which required remediation due to the low content of organic carbon and acidic reaction. Moreover, the selected soil was examined after fractionation to check whether biochar affected the porosity and tensile strength of selected fractions in the same way. The changes in artificial aggregate tensile strength observed with biochar were combined with the pore size distribution in the samples, determined using mercury porosimetry. Such an interpretation of the results is rare in the existing literature. Ultimately, the authors hypothesize that the addition of biochar decreases aggregate tensile strength because large pores form in soil aggregates when biochar is present.
Materials and Methods
The experiments were performed using a silty soil (Dystric Cambisol) (Rogóżno, Lublin province, Poland, 50°46′ N, 23°38′ E) taken from a 0-20 cm depth. This soil, due to its low content of organic carbon and acidic reaction, had low fertility and poor suitability for crops. The Dystric Cambisol was air-dried and crushed in a porcelain crucible. Soil fractions of 1-0.25 mm, 0.25-0.1 mm, 0.1-0.05 mm, and below 0.05 mm were obtained using the sieves with the following mesh sizes: 1 mm, 0.25 mm, 0.1 mm, and 0.05 mm.
Two types of biochar, obtained by the pyrolysis process at 650 °C, were used in the study. The first one (BC1) was prepared from wood waste by Fluid S.A. (Poland), whereas the second one (BC2) was prepared from sunflower husks by New Technology Trade (Poland). Before the experiments, the biochars were crushed in a porcelain crucible and sieved through 2 mm.
Soil and Biochar Physicochemical Characterization
The soil and biochar samples were investigated using several methods. The specific surface area was established using a water vapor adsorption/desorption isotherm method [33] . The sample pH value was measured in H2O and 1M KCl solutions using a pH meter (CX-505, Elmetron, Zabrze, Poland). The soil pH value was determined in a 1:10 suspension, whereas the biochar pH value was determined in a 1:5 suspension. The sample density was established by a pycnometer (Ultrapycnometer 1000, Quantachrome, Graz, Austria). The organic carbon content in the soil sample was determined using the Tyurin method [34] and in the biochar sample using the Alten method [35] . The ash content was established based on the weighting of the residue after 5 h of combustion in a muffle furnace (550 °C, FCF 12 SP, Czylok, Jastrzębie-Zdrój, Poland). Meanwhile, the texture of the samples was assessed using the Casagrande-Prószyński method, that is, based on the changes in soil suspension density during the progressive sedimentation of soil particles at a constant temperature and using a Prószyński hydrometer. Each parameter was measured three times. The measurement error (standard deviation) did not exceed 8.5%. The obtained soil and biochar characteristics are summarized in Table 1 . 
Aggregate Preparation
The soil cylinders were remolded using the unfractionated Dystric Cambisol or its selected fractions with or without the addition of selected biochars at 0.1% or 5% doses. At the beginning, 10 g of the air-dried unfractionated soil or its fraction was wetted by 2 mL of demineralized water. Then, the wetted material was placed in a closed chamber for 48 h. After this time, the aggregates were formed using a special plastic syringe (Figure 1a ). The space in the syringe used to form the cylinders was packed maximally (to ensure that no more material could be inserted). A single artificial aggregate had the following dimensions: d (diameter) = 10 mm, h (height) = 7 mm ( Figure  1b ). 
Porosity Measurement
Total porosity and pore size distribution (PSD) of the pure biochars, Dystric Cambisol, and prepared cylinders were determined using an autopore IV 9500 (Micrometrics INC, Norcross, GA, USA) mercury porosimeter. Mercury intrusion porosimetry was accepted as a standard method to characterize pores in porous materials by ASTM International (American Society for Testing and Materials) [36] . It provides information on pore size distribution as affected by soil management practices [37] , including water-filled pores at field water capacity at the water potential of −10 kPa (<15 µm) [38] .
To characterize the biochars and soil used in the experiments, the samples were examined as loose/unpacked materials. To define the impact of biochar on the PSD and total porosity of artificial soil aggregates, the unfractionated Dystric Cambisol or its fractions with or without biochar were studied in the form of cylinders. At the beginning, the examined material was dried at 105 °C and degassed in a vacuum under a pressure of 6.67 Pa. Then, the mercury was intruded to the samples at a slowly increasing pressure in the range of 0.0035-400 MPa, which allows PSD determination in the range of 0.0016-178 µm. Pore size was calculated using the Washburn equation [39] :
where P represents the external pressure (Pa) applied in the vacuum chamber, γHg represents the surface tension of mercury (0.485 J/m 2 ), θ represents the contact angle of mercury (130°), and r represents the pore radius of pore aperture (m) for a cylindrical pore.
The obtained results were presented in two forms: (1) the cumulative pore volume against a logarithmically spaced radii and (2) the differential PSD based on the logarithmic differentiation dv/dlogr. Mean pore radius (2V/A) was obtained assuming that all pores were cylindrical, and thus the pore volume (V = πr 2 L) was divided by the pore area (A = 2πrL). Total porosity was calculated from the ratio of the total intruded mercury volume at the highest pressure (400 MPa) to the total sample volume. A single result was the mean of 3 replicates. The measurement error (standard deviation) did not exceed 6.3%.
Structural Stability Measurements
The measurements of cylinder tensile strength (Q, MPa) were carried out using a strength-testing device (Zwick/Roell). This apparatus crushes the cylinders with a specific force. The experiments were performed on dry samples, that is, samples dried at 105 °C for 2 h in a laboratory dryer, and wetted ones (formed using the material wetted by distilled water in the ratio of 10 g/2 mL). The tensile strength of the examined material was calculated according to the formula [40]:
where F represents the vertical breaking force (N), d represents the cylinder diameter (m), and h represents the cylinder height (m). A single result was the mean of 30 replicates.
Statistical Analysis
Statistical analyses of tensile strength, organic carbon content, and porosimetry results were performed using a standard student's t-test (p = 0.05). The letters a, b, and c indicate the significance of differences between the examined samples. When samples are marked with the same letter, there is no significant difference between them.
To compare the impacts of several factors on the tensile strengths of the samples, a statistical analysis-a multivariate ANOVA-of the tensile strength results was also performed using Statistica 12.0 (StatSoft Inc., Tulsa, OK, USA).
Results and Discussion

Physicochemical Properties of Dystric Cambisol and Biochars
As shown in Tables 1 and 2, the soil and biochars used for the cylinder preparation have different physicochemical properties. The studies were conducted on Dystric Cambisol with clay, silt, and sand contents equal to 9%, 75%, and 16%, respectively. This soil was characterized by a low organic carbon content and a slightly acidic reaction. The porosity parameters of Dystric Cambisol were low, that is, its total pore area equaled 1.38 m 2 /g, whereas total porosity was 49.18%. The cumulative and differential curves of pore volume vs. equivalent pore radius of Dystric Cambisol are presented in Figure 2 . The results indicate that the soil contained macropores in the pore radius range of 0.186-12.4 µm (corresponding with log r in the range of −0.73-1.09) with a maximum of 3.25 µm (log r = 0.51). The pore classification accepted by IUPAC (International Union of Pure and Applied Chemistry) was used throughout the study. According to this classification, micropores are characterized by a diameter below 2 nm, mesopores are characterized by a diameter from 2-50 nm, and macropores are characterized by a diameter above 50 nm. These definitions have served well in mercury porosimetry [41] .
Both the wood waste (BC1) and sunflower husk (BC2) biochars used in the experiments were alkaline and contained large amounts of organic carbon (Table 1 ). They were characterized by a higher specific surface area than Dystric Cambisol ( Table 2) : BC1 had a surface area of 69.92 m 2 /g, BC2 had a surface area of 80.9 m 2 /g, and Dystric Cambisol had a surface area of 15.2 m 2 /g. The porosity parameters of the used carbon-rich materials were also higher compared to the soil. The total pore area of BC1 and BC2 equaled 22.72 m 2 /g and 19.01 m 2 /g, whereas the total porosity was 74.4 and 75.9%, respectively. The curves of pore volume vs. equivalent pore radius of Dystric Cambisol and the biochars are also shown in Figure 2 . The curves indicate that the biochars contain macropores of larger sizes than Dystric Cambisol. BC1 contained macropores in the pore radius range of 0.15-176.66 µm (corresponding with log r in the range of −0.82-2.25) and the maxima at 3.93 and 18.17 µm (log r = 0.59 and 1.26), whereas BC2 contained macropores in the pore radius range of 6.9-176.57 µm (log r is in the range of 0.84-2.25) and the maximum at 47.15 µm (log r = 1.67). All of the above properties of the biochars are very desirable during soil remediation. Such material may increase the soil pH value and, owing to high porosity parameters, improve soil sorption abilities [42, 43] .
Porosity of Dystric Cambisol Cylinders with or without Biochar
The results of performed porosity measurements of cylinders remolded using unfractionated Dystric Cambisol with and without wood waste and sunflower husk biochars are presented in Figures 3 and 4 . The results showed that cylinders remolded using unfractionated soil with and without biochars were characterized by different pore size distributions. The cylinders without a carbon-rich additive contained macropores in the pore radius range of 0.04-47.24 µm (log r is in the range of −1.39-1.67) with maxima of 1.58 and 4.77 µm (log r = 0.2 and 0.68) (Figure 3 ). Their mean pore radius equaled 0.24 µm, whereas porosity was 39.8% (Figure 4 ). Both biochars added to the soil samples significantly affected the pore size distribution in the cylinders. There were clear increases in pore volume, total porosity, and total pore area, and these increases were even higher in samples with a large biochar dose (5%). For example, for wood waste with a 5% dose of biochar, total pore area in the soil artificial aggregate was higher by 1.31 m 2 /g (compared to artificial aggregate without biochar). Moreover, differential curves of pore volume vs. equivalent pore radius indicated that the cylinders with biochar were characterized by macropores of larger sizes. For BC1 with a 5% dose of biochar, the pore radius range in the cylinders did not change, but the intensity of the maximum corresponding with larger macropores (4.77 µm, log r = 0.68) was significantly higher. On the other hand, for BC2 with a 5% dose of biochar, the pore radius range was broader-from 0.059 to 57.41 µm (log r: −1.23-1.76)-and the maximum corresponding with larger pores shifted toward the higher value of 5.78 µm (log r = 0.76).
Thus, it can be stated that after the addition of biochar, macropores of larger sizes formed in the cylinders. Due to the higher content of large macropores in the sunflower husk biochar, the cylinders with this material also contained macropores of larger sizes (compared to those of the wood waste biochar). This indicated that the biochars obtained from different biomasses affected the porosity of Dystric Cambisol cylinders to varying degrees.
The biochars' impacts on individual Dystric Cambisol fractions was similar. The carbon-rich additive also contributed to an increase in the size of the macropores in the cylinders. The results obtained for both biochars were analogous to those obtained for the unfractionated soil. Therefore, Figures 5-8 show the results only for the sunflower husk biochar (BC2). Regardless of fraction size, the cylinders with 5% biochar were characterized by the highest porosity, total pore area, and mean pore radius ( Figure 6 ). Moreover, the samples with a 5% dose of biochar contained larger macropores than those without biochar. The differential curves of pore volume vs. equivalent pore radius ( Figure 5 ) indicated that the cylinders that formed from Dystric Cambisol fractions without biochar were characterized by macropores in the radius range of 1.3-1.61 µm (log r = 0.07-0.16). In turn, the curves obtained for the cylinders with a 5% dose of biochar had clear maxima corresponding with 18.17 µm (log r = 1.25) and 26.61 µm (log r = 1.42) for the 1-0.25 mm fraction, 6.99 µm (log r = 0.84) for the 0.25-0.1 mm fraction, 6.99 µm (log r = 0.84) for the 0.1-0.05 mm fraction, and 3.94 µm (log r = 0.55) for the fraction below 0.05 mm.
Tensile Strength of Dystric Cambisol Cylinders with or without Biochar
Aggregate tensile strength is a very important parameter of soil structure stability [30] . It favors the soil's ability to maintain long-term crop productivity by: (1) maintaining gas diffusion, (2) facilitating root penetration, (3) improving water infiltration, and (4) enhancing seedling emergence [25] . The results of the performed tensile strength measurements are presented in Figures 9 and 10 . To compare the impacts of four factors on the tensile strengths of the samples, the Q results were analyzed using a multivariate ANOVA. The interaction plot is presented in Figure 11 . mm fraction, noted for both air-dried and wetted cylinders, could be related to the large silica content in these samples-the tensile strength of silica is relatively high [44] .
The biochar addition decreased the tensile strength of cylinders remolded from unfractionated Dystric Cambisol and its selected fractions. The results were similar for both biochars, but they were dependent on a carbon-rich material dose. In many cases, there were no significant differences between the soil without and with a biochar dose of 0.1%. This phenomenon was noted for air-dried cylinders formed from the fractions of 0.25-0.1 mm and below 0.05 mm with BC1, wetted cylinders of the unfractionated soil and almost all its fractions (except that below 0.05 mm) with BC1, air-dried cylinders of 1-0.25 mm, and 0.01-0.05 mm fractions with BC2. For the remaining samples with 0.1% biochar and all samples with 5% biochar, a significantly lower tensile strength was observed compared to samples without biochar. The largest reduction (by 0.048 MPa) was observed in the case of the sunflower husks with a 5% biochar dose for the wetted 1-0.25 mm fraction. The described reduction in tensile strength was dictated by different pore size distributions in the artificial aggregates with and without biochar. As mentioned above, the mercury porosimetry indicated that the cylinders with biochar contained macropores of larger radii than those without biochar.
It must also be mentioned that the tensile strength of air-dried cylinders was in most cases higher than that of wetted ones. Air-dried artificial aggregates were dried in 105 °C, and as a result, they contained no water in their pores. During drying at high temperature, the dehydration of soil gels and thermal transformation of iron and alumina oxides may occur. Due to thermal modification of iron and aluminosilicates, clay particles may form aggregates of sand size and high hardness [45] [46] [47] . Drying of capillary water may also cause the transport of suspended and/or dissolved cementing agents toward inter-particle contacts [48] .
Conclusions
The paper focused on the effect of biochar on the tensile strength of artificial aggregates (cylinders) remolded from unfractionated Dystric Cambisol and its selected fractions. The observed changes in cylinder tensile strength were combined with the pore size distribution in the samples. The Dystric Cambisol used for the experiments required remediation due to its low organic carbon content and acidic reaction. The measurements indicated that the cylinders with biochar were characterized by macropores of larger radii than those without the carbon-rich additive. These phenomena were more significant in samples with a higher dose of biochar (5%). For example, the cylinders remolded from unfractionated soil without biochar contained two groups of macropores of 1.58 µm and 4.77 µm. In turn, the cylinders formed using the same material with sunflower husks with a 5% biochar dose were characterized by macropores of 5.78 µm. The increase in macropore size in artificial aggregates after the biochar addition contributed to the reduction in tensile strength. The largest reduction (by 0.048 MPa) was observed in the case of the sunflower husks with a 5% biochar dose in the wetted 1-0.25 mm fraction. It must also be emphasized that among all samples, the highest tensile strength of the cylinders was observed for the fraction of the largest particle sizes (1-0.25 mm); this is probably related to the high silica content in this fraction. Moreover, air-dried cylinders were characterized by a higher tensile strength than wetted ones, which is associated with the dehydration of soil gels and the thermal transformation of iron and alumina oxides during drying. 
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